We present a polarimetric technique that provides a complete description of a mixture of uncorrelated optical fields with different spectral and polarization properties. The second-order coherence theory is used to describe the superposition of two random optical fields, and an imaging experiment is reported that illustrates the capability to separate radiations with different spectral composition and to simultaneously determine their Stokes vectors.
INTRODUCTION
In many remote-sensing applications one has to determine the polarization and the spectral bandwidth (SBW) properties of the radiation that is scattered from a distant target. The detected radiation is usually a complex mixture of components that originate from the target, from the background, or from another source and that have different polarization and SBW characteristics. Usually the information about the target and the conditions of propagation is encoded in the changes of polarization state of an initially polarized probe beam. To retrieve this information efficiently, one has to separate the narrow spectral bandwidth (NSBW) fraction of radiation from a broadband background. Furthermore, this background radiation is often a mixture of light fields with different polarization states. We present here a technique that allows discrimination of the contributions from light sources with different spectral densities and also permits a complete description of the polarization characteristics of each of the components.
Stokes vector polarimetry is a well-established methodology for fully determining light-polarization properties, but it yields no information about the spectral composition of the radiation; it is usually used to characterize quasi-monochromatic fields. In sensing applications, a Stokes analyzer can discriminate between different light sources only in terms of their polarization properties. 1 On the other hand, a variety of spectroscopic techniques can determine the spectral density of light but cannot discriminate between different sources with overlapping spectra and, moreover, are not capable of measuring the sources' polarization properties. [2] [3] [4] [5] In this paper we describe a procedure that not only permits the separation of radiation with a limited bandwidth from a broad spectral bandwidth (BSBW) background (without knowing a priori its spectral density) but also is able to provide a full description of the polarization properties of each component by analyzing the Stokes vectors of each component independently. An analysis in terms of the crossspectral-density matrix and the coherency matrix of the mixture of different radiation fields provides the framework for describing both spectral and polarimetric characteristics.
SUPERPOSITION OF ELECTROMAGNETIC FIELDS
Within the framework of the second-order coherence theory in the space-frequency domain, statistical properties of an optical field may be characterized by ensembles (denoted by curly brackets) of realizations ͕E(r, )͖, Here we reduce the analysis to the case of beamlike fields. We consider a beamlike field ͕E(, )͖ passing through a polarizer placed in the plane P as shown in Fig. 1 .
The cross-spectral-density matrix at the point in the plane Q is defined to be
The elements of the cross-spectral-density matrix W can therefore be written as
Often it is the spectral density rather than the crossspectral density of the total field that is of special interest. We can obtain an expression for it immediately from Eqs. (3) by recognizing that the spectral density of the total field is given by the trace of the cross-spectral-density matrix S(, ):
The polarization properties at the point of this outgoing field can also be easily calculated from the spectraldensity matrix given in Eq. (3). The spectral degree of polarization ⌸(, ) is found to be
Together, the spectral density S(, ) and the spectral degree of polarization ⌸(, ) describe the statistical properties of the field at the point of the beam exiting the interferometer completely. Let us now consider two stationary fields A and B, that overlap and pass simultaneously through the coherence analyzer described in Fig. 1 
and the cross-spectral-density matrix at the point in the plane Q will become
where the superscript T stands for total. In a specific application, one is required to discriminate between the contributions of the two fields A and B at every spatial point r of the plane Q. However, the measurement can usually probe only the characteristics of the total field. We show here that, nevertheless, it is possible to separate individual field contributions and to retrieve comprehensive information about the local characteristics of the two fields by using polarimetric measurement of temporally delayed optical fields.
If the two orthogonal components of the fields A and B are statistically independent, then the cross terms in the matrix elements defined in Eq. (7) vanish upon ensemble averaging, and the trace of the resultant cross-spectraldensity matrix will simply be the sum of the spectral densities of the two components:
On the other hand, if S (A) (, ) and S (B) (, ) differ significantly, one can find a delay ␦ such that, for the field that covers a larger spectral range, the off-diagonal element of the cross-spectral-density matrix in Eq. (3) is approximatively zero. This result can be immediately found by using the well-known expressions for the mutual coherence functon ⌫(, ) ϭ ͗E*(, t)E(, t ϩ )͘ and the corresponding cross-spectral density W(, ) ϭ S(, ) ϭ ͐⌫(, )exp(i)d written at the point . Hence, in this case, the resultant spectral degree of polarization becomes
As a result, on the basis of the measurements of the spectral density and the spectral degree of polarization and using Eqs. (8) and (9), one can deduce the spectral densities of the field components at each point of the plane Q.
An alternative description of the properties of the optical field in the plane Q in Fig. 1 can be made by using the corresponding formalism of the coherency matrix:
and, similarly, 
where ⌫(, 0) ϭ I() represents the averaged intensity at the point . Thus, in the exit plane Q, we have generated a light field characterized by a coherence matrix
and by an associated degree of polarization
The off-diagonal element of the coherency matrix represents the equal-time correlation between the x and y components of the beam exiting the interferometer and can be determined from measurments of the corresponding degree of polarization as suggested by Wolf.
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Consider again a problem of the two superimposed electromagnetic fields. 9 Assume that the two fields E (A) and E (B) pass through the SBW-to-polarization transformer described above (Fig. 1) . The corresponding crossspectral-density matrix of the total field is given by Eq. (7) . If the two orthogonal components of the fields A and B are statistically independent, then the cross terms vanish upon ensemble averaging, and, following the analysis described before, one obtains the overall coherency matrix to be 
According to Eqs. (13) and (14), the measured degree of polarization in this case is
and the total intensity at the point becomes
Using the last two equations, one can easily obtain the corresponding intensities of the two components (A) and (B) in terms of the total intensity and the degree of polarization, which are both measurable quantities:
In the exit plane Q, both ⌸() and I() can be measured by standard Stokes polarimetry applied to the field characterized by the coherency matrix J(). Using only polarimetric measurements, we are therefore able to discriminate between narrowband and broadband radiation as defined by the value of the delay parameter ␦ without knowing a priori the detailed spectral density of neither of the fields. The experimental realization of this idea is presented in Section 3. Note that this analysis allows one to make an important extension. In conventional polarimetry, the Stokes vector of a radiation field is determined from a set of N intensity measurements for different configurations of the Stokes analyzer (a set consisting of retarder and polarizer). In principle, four measurements are sufficient to determine all the components of the Stokes vector, but, in practice, redundancy is introduced to minimize the errors.
1 Such a Stokes analyzer can be placed before the setup in Fig. 1 , and the entire procedure can be repeated a number of times for different states of polarization of the total input field in the plane P. The obtained values for I i (A) () and I i (B) () (i ϭ 0...N) for different configurations of the input Stokes analyzer can be further used to calculate the Stokes vector elements characterizing both the narrowband (A) and the broadband (B) fields. A complete description of the polarization properties is therefore independently obtained for the two field components.
EXPERIMENT
The procedure for detecting polarized narrowband radiation superposed on a polarized background with different spectral properties was implemented with the experimental setup depicted in Fig. 2 . The setup comprises an input (first) Stokes analyzer, followed by a Michelson interferometer with a quarter-wave plate, QWP2, in one of the arms and, finally, by an output Stokes analyzer. In our experiment, the Stokes analyzer consists of a rotating quarter-wave plate and a static polarizer. Depending on the application, different types of Stokes analyzers can be used.
Let us examine in more detail the operation of spectral bandwidth-to-polarization transformer. After passing through the polarizer, P1, the lightwave becomes fully linearly polarized (in the x direction), and a nonpolarizing beam splitter, BS, divides the wave in the two arms of Michelson interferometer.
The quarter-wave plate, QWP2, in one of the arms is oriented at 45 deg with respect to polarizer P1 and provides a 90-deg rotation ( y direction) of the plane of polarization with respect to the direction of polarization in another arm. Therefore two orthogonally polarized beams are produced and are subsequently recombined by the beam splitter; they form the beam of light leaving the interferometer. The state of polarization of this resultant beam that exits the spectral bandwidth-to-polarization transformer can be fully characterized by the output (second) Stokes analyzer.
To determine a Stokes vector, one needs to collect a set of output intensities for a number of different configurations of the Stokes analyzer. The intensities are defined by the reciprocal orientation of the quarter-wave plate and the polarizer 1 : I 0 , I 1 ,...,I N , where I i is the intensity detected for a specific configuration of the Stokes analyzer and N is the total number of configurations. The specific choice of N depends on the algorithm chosen for data acquisition.
As seen in Fig. 2 , the output of the first Stokes analyzer constitutes the input for the Michelson interferometer, the output of which is further passed through a second Stokes analyzer. This second analyzer performs the full set of configurations for each polarimetric configuration of the first Stokes analyzer. A mixture of radiation with different SBW and polarization characteristics constitutes the input. When the radiation exits the first Stokes analyzer, it contains both NSBW and BSBW radiation. Consequently, each I i intensity term immediately after the first Stokes analyzer contains NSBW and BSBW contributions. To decompose I i into the two components, we send the mixed radiation through the spectral bandwidthto-polarization transformer implemented in a Michelson interferometer geometry. After processing the data from the second Stokes analyzer, we record two data sets:
where the superscripts n and b indicate contribution for NSBW and BSBW, respectively, and Among different possible realizations of the Stokes-SBW image-analyzer concept we chose an experimental design that is suitable for wide-field image sensing (Fig.  2) . The output of the first Stokes analyzer for i configuration (i is orientation of the QWP1) is a mixture of linearly polarized NSBW and BSBW light, which has a total intensity I i .
After passing through a spectral bandwidth-to-polarization transformer, the NSBW component remains polarized, while the BSBW one becomes unpolarized. The polarization states of this newly created mixture of the NSBW and BSBW beams can be completely characterized by the second Stokes analyzer, and the intensities I i n and I i b are determined. The procedure is repeated N times for the required number of different configurations of the input Stokes analyzer. Data acquisition is completed when a set of N ϫ N images is collected, followed by the calculation of the two respective intensity data sets [Eqs. A proof-of-concept experiment was designed to analyze the superposition of polarized NSBW and BSBW radiation. We used a mixture of laser-generated radiation (633 nm) and a Xe-lamp radiation that was filtered by a narrow interferential filter centered at 633 nm. The two beams were differently polarized by a set consisting of po- larizer and quarter-wave plate each, were combined by a beam splitter, and were shaped correspondingly by a beam expander before being sent to the input of the Stokes-SBW image analyzer. The resulting input image is presented in Fig. 3 . As a first step, we sent this mixed beam into the Stokes-SBW image analyzer as shown in Fig. 2 and recorded 9 ϫ 9 images for different configurations of two Stokes analyzers. On the basis of Eqs. (19), we calculated the intensity data sets of Eqs. (20) and then the corresponding Stokes vectors S n and S b , using the algorithm described. The results of the measurements and the subsequent calculations are presented in Fig. 4 .
The initial states of polarization for input of the NSBW and BSBW radiation were ϭ Ϫ11°, ⑀ ϭ 0.39(22.4°), and, ϭ Ϫ1°, ⑀ ϭ 0.43(24.8°), where is the azimuth angle and ⑀ is the ellipticity angle for the polarization ellipse. We detected the same parameters of the ellipse for the corresponding output Stokes vectors within experimental error.
We emphasize that the suggested technique can discriminate the partially polarized NSBW radiation (the signal) from the partially polarized BSBW background (the noise) without a priori knowledge of their spectral densities.
Note also that, in principle, there is no limit on the accessible signal-to-noise ratio; the sensitivity and the resolution of the Stokes analyzer are the only limiting factors. Finally, we note that a similar discrimination procedure could be based on spectral measurements by use of the results of Eqs. (8) and (9) . However, in certain practical situations the high-resolution spectral measurements could be significantly more demanding from the standpoint of photon detection efficiency.
CONCLUSIONS
We developed and tested a procedure for detecting a polarized narrowband, two-dimensional radiation field that may be dominated by a background with different polarization and unknown spectral characteristics. In addition, a full description of the polarization properties can be obtained independently for the two overlapping radiations. The system is based on polarimetric measurements and can be easily integrated with other laser radar, remote-sensing instrumentation, or real-time coherent imaging systems. The procedure appears to be especially useful for simultaneous active and passive image polarimetric sensing. Sensitivity, accuracy, and rapidity are determined mainly by the corresponding characteristics of the Stokes analyzer available.
